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ABSTRACT Porphyromonas gingivalis produces outer membrane vesicles (OMVs)
rich in virulence factors, including cysteine proteases and A-LPS, one of the two
lipopolysaccharides (LPSs) produced by this organism. Previous studies had sug-
gested that A-LPS and PG0027, an outer membrane (OM) protein, may be in-
volved in OMV formation. Their roles in this process were examined by using
W50 parent and the ΔPG0027 mutant strains. Inactivation of PG0027 caused a re-
duction in the yield of OMVs. Lipid A from cells and OMVs of P. gingivalis W50
and the ΔPG0027 mutant strains were analyzed by matrix-assisted laser desorp-
tion ionization–time of ﬂight mass spectrometry (MALDI-TOF MS). Lipid A from
W50 cells contained bis-P-pentaacyl, mono-P-pentaacyl, mono-P-tetraacyl, non-P-
pentaacyl, and non-P-tetraacyl species, whereas lipid A from ΔPG0027 mutant
cells contained only phosphorylated species; nonphosphorylated species were
absent. MALDI-TOF/TOF tandem MS of mono-P-pentaacyl (m/z 1,688) and mono-
P-tetraacyl (m/z 1,448) lipid A from ΔPG0027 showed that both contained lipid A
1-phosphate, suggesting that the ΔPG0027 mutant strain lacked lipid A 1-phosphatase
activity. The total phosphatase activities in the W50 and the ΔPG0027 mutant strains
were similar, whereas the phosphatase activity in the periplasm of the ΔPG0027 mutant
was lower than that in W50, supporting a role for PG0027 in lipid A dephosphorylation.
W50 OMVs were enriched in A-LPS, and its lipid A did not contain nonphosphorylated
species, whereas lipid A from the ΔPG0027 mutant (OMVs and cells) contained similar
species. Thus, OMVs in P. gingivalis are apparently formed in regions of the OM enriched
in A-LPS devoid of nonphosphorylated lipid A. Conversely, dephosphorylation of lipid A
through a PG0027-dependent process is required for optimal formation of OMVs. Hence,
the relative proportions of nonphosphorylated and phosphorylated lipid A appear to be
crucial for OMV formation in this organism.
IMPORTANCE Gram-negative bacteria produce outer membrane vesicles (OMVs) by
“blebbing” of the outer membrane (OM). OMVs can be used offensively as delivery
systems for virulence factors and defensively to aid in the colonization of a host and
in the survival of the bacterium in hostile environments. Earlier studies using the
oral anaerobe Porphyromonas gingivalis as a model organism to study the mecha-
nism of OMV formation suggested that the OM protein PG0027 and one of the two
lipopolysaccharides (LPSs) synthesized by this organism, namely, A-LPS, played im-
portant roles in OMV formation. We suggest a novel mechanism of OMV formation
in P. gingivalis involving dephosphorylation of lipid A of A-LPS controlled/regulated
by PG0027, which causes destabilization of the OM, resulting in blebbing and gener-
ation of OMVs.
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All of the Gram-negative bacteria studied so far have been shown to produce outermembrane vesicles (OMVs) via blebbing of the outer membrane (OM) that are then
released as spheres 50 to 250 nm in diameter (1, 2) and secreted into the medium,
and this process is highly conserved and is not conﬁned to pathogens. OMVs possess
multiple functional roles (3) and can reach targets that are far removed from the
bacterial cell from which they originate. They can function offensively as delivery
mechanisms for virulence factors such as toxins or proteases, as well as LPS (lipopoly-
saccharide), peptidoglycan (PG), and ﬂagellin (4–7), and defensively to aid in the
colonization of a host and survival of the organism in a hostile environment (2, 8).
The Gram-negative bacterial envelope consists of an OM, an inner membrane (IM),
and the periplasm (a concentrated, gel-like matrix), which is found in the periplasmic
space between the two membranes. LPS is the main component of the outer leaﬂet of
the OM, and a layer of phospholipids is present in the inner leaﬂet of the OM. Thus, the
outermost layer of the OMVs contains predominantly LPS and phospholipids. OMVs
also contain integral OM and OM-anchored lipoproteins and periplasmic proteins.
Evidence from studies of OMVs from several bacteria shows that OMV production is a
regulated mechanism since some components of the OM and periplasm are present in
OMVs in amounts different from those in the cell (4–6, 9–11).
Although the levels of OMV production in Gram-negative bacteria can be affected
by environmental factors or mutations in certain genes, non-OMV-producing strains
have not been isolated (2, 12), suggesting that vesiculation is an essential process.
The Gram-negative anaerobe Porphyromonas gingivalis is an important agent in the
etiology of adult periodontal disease and produces several virulence factors that
include extracellular cysteine proteases with speciﬁcities for Arg-X (Arg-gingipains,
Rgps) and Lys-X (Lys-gingipain, Kgp) peptide bonds (13) and two LPSs, namely, O-LPS
(14) and A-LPS (15, 16), that play important roles in the deregulation of innate and
inﬂammatory systems in the host (17, 18). The O-PS repeating unit of O-LPS is
composed of ¡3)--D-Galp-(1¡6)--D-Glcp-(1¡4)--L-Rha-(1¡3)--D-GalNAcp-(1¡, and
the A-PS repeating unit of A-LPS is built up of a phosphorylated branched D-Man-
containing oligomer composed of an 1¡6-linked D-mannose backbone to which
1¡2-linked D-Man side chains of different lengths (one or two residues) are attached
at position 2. One of the side chains contains Man1¡2Man-1-phosphate linked via
phosphorus to a backbone Man residue at position O-2. Previous studies of P. gingivalis
W50 have shown that there is selective packaging of proteins and virulence factors into
the OMVs of P. gingivalis and certain abundant OM proteins are excluded (11), and one
of the two LPSs synthesized by this organism, namely, A-LPS, is directly involved in this
sorting mechanism.
PG0027 (lptO) encodes an integral OM protein that appears enriched in the OMVs of
P. gingivalis W50. Ishiguro et al. (19) identiﬁed PG0027 as a unique membrane protein
in P. gingivalis W83 and an essential component of a novel secretion pathway for
gingipains, and Sato et al. (20) identiﬁed PG0027 as one of the components of the PorSS
secretion system, also referred to as the type IX secretion system, in P. gingivalis. In this
system, proteins that possess a characteristic CTD (C-terminal domain) are secreted into
the extracellular milieu. Chen et al. (21) described a mutation in PG0027 of P. gingivalis
W50 and ATCC 33277 and suggested a role for LptO in the deacylation of monophos-
phorylated lipid A that was linked to the coordinated secretion of A-LPS and CTD
proteins by a novel secretion-and-attachment system to form a structured surface layer.
In this paper, we describe the construction and characterization of a ΔPG0027
deletion mutant of P. gingivalis W50 and the inﬂuence of this mutation on OMV
formation. The results show that there are signiﬁcant differences between P. gingivalis
parent strain W50 and the ΔPG0027 mutant strain with respect to OMV production.
Furthermore, rather than an effect on deacylation, loss of PG0027 led to loss of
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dephosphorylation of monophosphoryl lipid A species. This led us to hypothesize that
PG0027 has a role in OMV production in P. gingivalis by promoting lipid A dephos-
phorylation and thereby inﬂuencing the balance of phosphorylated and nonphospho-
rylated lipid A, which may serve to destabilize localized areas of the OM.
RESULTS
Characterization of P. gingivalis mutant strains. The growth of P. gingivalis strain
W50 and that of the complemented ΔPG0027 (CΔPG0027) strain are very similar
throughout the period tested ( 8 days), whereas the ΔPG0027 mutant strain shows a
decrease in optical density (OD) after 72 h, indicating cell lysis; a typical growth curve
is shown in Fig. 1A. The ΔPG0027 mutant strain is nonpigmenting (not shown). The
growth curves of P. gingivalis W50 and the ΔPG0027 and CΔPG0027 strains were
determined in duplicate, and the error bars are shown in Fig. 1A. The ΔPG0027 mutant
strain was more susceptible to growth inhibition in the presence of Tween 20 (0.02%)
than the parent and complemented strains (Fig. 1B), suggesting that the mutant is less
robust and more sensitive to detergents.
Electron microscopy. P. gingivalis W50 and the ΔPG0027 mutant strain were
examined by scanning electron microscopy (SEM), and W50 and the ΔPG0027 and
CΔPG0027 strains were examined by transmission electron microscopy (TEM).
SEM. Figure 2 shows the images obtained by SEM of P. gingivalis W50 and ΔPG0027
mutant cells grown in brain heart infusion (BHI) broth for 24 h. P. gingivalis W50 (Fig.
2) shows a large number of OMVs covering the cell surface, whereas in the P. gingivalis
ΔPG0027 mutant strain, there are large perturbations of the cell surface rather than the
characteristic 50- to 100-nm OMVs of parent strain W50, even though the bacterial cells
used in these procedures were in late log/early stationary phase (Fig. 1A). Such atypical
OM perturbations may relate to the susceptibility to detergents and to cell lysis in later
stationary phase observed in this strain (Fig. 1B).
FIG 1 Properties of P. gingivalis W50, the ΔPG0027 mutant strain, and the CΔPG0027 strain. (A) Growth in BHI broth. Samples were
withdrawn at different time points, and the OD540 was measured for 8 days. Curves: 1, W50; 2, ΔPG0027 mutant strain; 3, CΔPG0027
strain. (B) Strains were grown in BHI broth as for panel A (solid line) or with the addition of 0.02% Tween 20 (dashed line). Curves: 1,
W50; 2, ΔPG0027mutant strain; 3, CΔPG0027 strain. (C) Histogram showing OMV yields from P. gingivalisW50 and the ΔPG0027mutant
and CΔPG0027 strains. Student’s t test yielded a P value of 0.05. (D) Counting of OMVs from TEM experiments. Counts of OMVs
present in the ΔPG0027 mutant strain are expressed as a percentage of the OMV counts present in W50 (100%) (P  0.0003). Strains
were grown in an anaerobic cabinet in BHI broth supplemented with hemin.
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TEM. Representative images of P. gingivalis W50 and the ΔPG0027 and CΔPG0027
strains obtained by TEM are shown in Fig. 3A. OMVs are seen blebbing off the OM in
P. gingivalis W50 and the CΔPG0027 strain, whereas in the P. gingivalis ΔPG0027 mutant
strain, the cell surface shows some “ripples” and the characteristic OMV structures are
absent. This reiterates the observations from SEM (Fig. 2) and the growth rate/lysis of
the P. gingivalis ΔPG0027 mutant strain (Fig. 1), suggesting that the OM of the mutant
strain is altered.
The TEM images obtained from cells of P. gingivalis W50 and the CΔPG0027 strain
show an electron-dense region around the surface of the cells (16) that is absent in the
P. gingivalis ΔPG0027 and ΔPG1051 (waaL) mutant strains (Fig. 3B), which are shown for
comparison.
OMVs. The yields of OMVs (milligrams per 250 ml of culture) obtained from P.
gingivalis W50, the ΔPG0027 mutant strain, and the CΔPG0027 strain are shown in
FIG 2 SEM of P. gingivalis W50 and the ΔPG0027 mutant strain. Samples were prepared for SEM as described in Materials
and Methods. The scale bar represents 1 m. P. gingivalisW50 shows the characteristic membrane blebbing forming OMVs,
which is not present in the ΔPG0027 mutant strain.
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Fig. 1C. While there was wide batch-to-batch variation in the yields of OMVs from an
individual strain, there was a statistically signiﬁcant reduction (by 50%) (P  0.05) in
the ΔPG0027 mutant strain compared to parent strain W50. The CΔPG0027 strain
showed an increase in the yield of OMVs compared to the ΔPG0027 mutant strain,
indicating that the trend was toward restoration of OMV formation by complementa-
tion. Low-resolution TEM images were subjected to visual inspection, and OMV forma-
tion was also determined by counting. The number of OMVs per 100 cells of the
FIG 3 TEM of P. gingivalis W50, the ΔPG0027 and ΔPG1051 (waaL) mutant strains, and the CΔPG0027 strain. Samples were
prepared for TEM as described in Materials and Methods. (A) The scale bar represents 200 nm. OMV formation in P. gingivalis
W50 and the CΔPG0027 strain is clearly visible as deﬁned structures. (B) Close-up view of the outer surface layers of P. gingivalis
W50, the ΔPG0027 and ΔPG1051 (waaL) mutant strains, and the CΔPG0027 strain.
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ΔPG0027mutant strain was signiﬁcantly reduced to a similar extent (50%) (P 0.003)
as that determined by weight per culture volume (Fig. 1D) of parent strain W50.
Gel electrophoresis of LPS. Synthesis of both O-LPS and A-LPS appears to be
unaffected in the ΔPG0027mutant strain, the CΔPG0027 strain, and the ΔPG902/PG0027
and ΔPG1711/PG0027 mutant strains (see Fig. S2 in the supplemental material).
Analysis of lipid A in whole cells (OM) by MALDI-TOF MS. Since it has previously
been suggested that PG0027 is a lipid A deacylase (21), we examined the lipid A
composition of LPS in whole cells of P. gingivalis W50, the ΔPG0027 mutant strain, and
the CΔPG0027 and CΔPG0027R strains by MALDI-TOF MS (Fig. 4). Average masses are
used throughout. Lipid A from whole cells (W50) contained ﬁve main clusters of peaks
detected at approximately m/z 1,772, m/z 1,692, m/z 1,608, m/z 1,448, and m/z 1,372
(Fig. 4). The clusters around m/z 1,772 could be assigned to bis-P-pentaacyl species,
those around m/z 1,692 could be assigned to mono-P-pentaacyl species, those around
m/z 1,608 could be assigned to non-P-pentaacyl species, those around m/z 1,448 could
be assigned to mono-P-tetraacyl species, and those around m/z 1,372 could be as-
signed to non-P-tetraacyl species (Fig. 4). Kumada et al. (22) described the fatty acids
present in the lipid A of P. gingivalis as two molecules of (R)-3-OH-i C17:0 and one each
of (R)-C16:0, (R)-3-OH-C16:0, and (R)-3-OH-i C15:0. Heterogeneity within these clusters
reﬂects differences in fatty acid chain length (14 mass units), a phenomenon previously
ascribed to the relaxed speciﬁcity of the fatty acyl chain transferase activity of P.
gingivalis (23). Conversely, lipid A from ΔPG0027 only contained signals for bis-P-
pentaacyl (m/z 1,772), mono-P-pentaacyl (m/z 1,692), and mono-P-tetraacyl (m/z 1,448)
species; signals for non-P-pentaacyl (m/z 1,608) and non-P-tetraacyl (m/z 1,372) species
were either very low or absent. Hence, rather than the reported loss of deacylation
following inactivation of PG0027, these data suggest that PG0027 is required for lipid A
dephosphorylation while the acylation status is unaltered by this mutation.
The lipid A of the CΔPG0027 strain showed clusters similar to those present in P.
gingivalis W50 lipid A (Fig. 4). In the complemented strain using the rgpA promoter to
induce expression (the CΔPG0027R strain), the results were dramatically different (Fig.
4). In this case, only signals for nonphosphorylated lipid A species, namely, non-P-
pentaacyl (m/z 1,608) and non-P-tetraacyl (m/z 1,372) species, were detected.
We also examined the gene dose effect by examining the effect of introducing a
second copy of PG0027 into two strains in which the -mannosidase genes PG902 and
PG1711 (24) had been inactivated, thereby providing a deﬁned site for the insertion of
an additional copy of PG0027. The lipid A isolated from ΔPG902/PG0027 and ΔPG1711/
PG0027 mutant strains (with an extra copy of PG0027 inserted) was also analyzed by
MALDI-TOF MS (Fig. 5). Lipid A preparations from the P. gingivalis ΔPG902 and ΔPG1711
-mannosidase mutant strains showed proﬁles similar to those from parent strain W50
when analyzed by MALDI-TOF MS, with major signals for bis-P-pentaacyl (m/z 1,772),
mono-P-pentaacyl (m/z 1,692), and mono-P-tetraacyl (m/z 1,448) species (Fig. 5) and
smaller signals for non-P-pentaacyl (m/z 1,608) and non-P-tetraacyl (m/z 1,372) species.
However, lipid A from the P. gingivalis ΔPG902/PG0027 and ΔPG1711/PG0027 mutant
strains showed a large increase in the signals for non-P-pentaacyl (m/z 1,608) species
and a demonstrable increase in non-P-tetraacyl (m/z 1,372) species (Fig. 5) compared to
the corresponding parent strains.
These results conﬁrm that PG0027 plays an important role in the dephosphorylation
of lipid A and do not support a role for this protein in lipid A deacylation. Comple-
mentation of the ΔPG0027 mutation restores the lipid A proﬁle to that seen in the
P. gingivalis W50 parent strain, whereas in the complemented overexpressing
CΔPG0027R strain, only the dephosphorylated pentaacyl and dephosphorylated tetraa-
cyl lipid A species are present. Furthermore, addition of a second copy of PG0027 leads
to higher levels of lipid A dephosphorylation. Thus, PG0027 appears to control/balance
the levels of the ﬁve lipid A species normally present in P. gingivalis W50 (Fig. 4) by a
direct or indirect effect on dephosphorylation of the phosphorylated species of lipid A.
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Analysis of lipid A isolated from OMVs.We have previously shown extensive lipid
A remodeling in the OMVs of P. gingivalisW50 (11). Lipid A samples isolated from OMVs
of P. gingivalis W50 and the ΔPG0027 and CΔPG0027 strains were analyzed by MALDI-
TOF MS, and the spectra are shown in Fig. 6. The main signals observed by MALDI-TOF
MS of OMVs (W50) are for the mono-P-tetraacyl (m/z 1,448) and mono-P-triacyl (m/z
1,135 to 1,190) species. Signals for the nonphosphorylated species were very low or
FIG 4 MALDI-TOF MS analysis of lipid A from P. gingivalis W50, the ΔPG0027 mutant strain, and the CΔPG0027 and CΔPG0027R strains.
Negative-ion MALDI-TOF MS was performed on lipid A samples with norharmane as the matrix as described in Materials and Methods.
Boxes with solid lines represent the mono-P-tetraacyl, mono-P-pentaacyl, and bis-P-pentaacyl lipid A clusters, whereas boxes with dashed
lines represent the non-P-tetraacyl and non-P-pentaacyl lipid A clusters.
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absent (Fig. 6). Similarly, in the CΔPG0027 strain, the main signals observed for the lipid
A from OMVs were for the mono-P-triacyl (m/z 1,135 to 1,190) and mono-P-tetraacyl
species (Fig. 6) (although the signals were lower in intensity) and nonphosphorylated
species were absent. Thus, in P. gingivalis W50 and the CΔPG0027 strain, it appears that
FIG 5 MALDI-TOF MS analysis of lipid A from the P. gingivalis ΔPG902, ΔPG902/PG0027, ΔPG1711, and ΔPG1711/PG0027 mutant strains. Boxes
with solid and dashed lines represent phosphorylated and nonphosphorylated species, respectively, as described in the legend to Fig. 4.
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OMVs do not contain any dephosphorylated lipid A species and are therefore formed
in regions of the OM that are devoid of nonphosphorylated lipid A. In contrast, the
MALDI-TOF MS proﬁles of lipid A isolated from the OMVs of the ΔPG0027 mutant strain
were almost identical to the proﬁle of lipid A from whole cells of the ΔPG0027 mutant
strain (see Fig. 4).
FIG 6 MALDI-TOF MS analysis of lipid A isolated from OMVs from P. gingivalis W50, the ΔPG0027 mutant strain, and the CΔPG0027 strain.
MALDI-TOF MS was performed in negative-ion mode as described in Materials and Methods. Boxes represent mono-P-triacyl, mono-P-
tetraacyl, and phosphorylated-pentaacyl lipid A species.
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Analysis of lipid A during growth of P. gingivalis from 4 to 24 h. There appears
to be no increase in the amount of A-LPS synthesized between 4 and 24 h of growth,
as determined by SDS-PAGE and Western blotting versus monoclonal antibody 1B5
titration (data not shown), whereas the dephosphorylation of lipid A species appears to
be an active process that occurs between 8 h and 24 h of growth, as detected by
MALDI-MS analysis (see Fig. S4).
MALDI-TOF/TOF MS/MS of lipid A. Since the proﬁles of the lipid A species of the
P. gingivalis ΔPG0027 mutant strain obtained by MALDI-TOF MS showed the absence of
nonphosphorylated species, it was relevant to identify the position of the phosphate
group in the mono-P-pentaacyl and mono-P-tetraacyl species of lipid A from the parent
and mutant strains, i.e., whether it is a lipid A 1-phosphate or a lipid A 4=-phosphate.
MALDI-TOF/TOF tandem MS (MS/MS) analyses of the lipid A cluster centered around
the m/z 1,688 (mono-P-pentaacyl) and m/z 1,448 (mono-P-tetraacyl) species were per-
formed. The results are shown in Fig. 7 and 8.
No cross-ring fragments were observed in the TOF/TOF MS/MS spectra of the lipid
A structures of m/z 1,688 from the P. gingivalis ΔPG0027 mutant strain (Fig. 7) and m/z
1,448 (Fig. 8) from both P. gingivalisW50 and the ΔPG0027mutant strain. Neutral losses
of C-16, C-16(3-OH), C-15(3-OH), phosphoric acid, and various combinations of these
were observed as product ions in the TOF/TOF MS/MS spectrum of the mono-P-
pentaacyl species of lipid A (m/z 1,688) (Fig. 7). Since the mono-P-pentaacyl negative
ions (m/z 1,688) were recovered in comparatively small amounts from P. gingivalisW50,
it was not possible to perform MALDI-TOF/TOF MS/MS analysis of this peak. In the
TOF/TOF MS/MS spectrum of them/z 1,448 species of lipid A from P. gingivalisW50 and
ΔPG0027, there were signals for the neutral losses of C-16(3-OH) and C-16 fatty acids,
phosphoric acid, and fragment Z1 [lacking C-16(3-OH) and phosphoric acid] (Fig. 8) (25).
Since there were no cross-ring fragments in the glucosamine (I), this indicates the
FIG 7 MALDI TOF/TOF tandem mass spectrum of m/z 1,688 of lipid A from the P. gingivalis ΔPG0027 mutant strain. Inset structures show
the proposed phosphate positioning, and dashed lines and arrows indicate possible cleavage sites.
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presence of a phosphate group at C-1. Thus, the mono-P-pentaaacyl (m/z 1,688) and
mono-P-tetraacyl (m/z 1,448) species of lipid A from both P. gingivalis W50 and the
ΔPG0027 mutant strain carry the phosphate at C-1. Thus, we conclude that the
phosphatase deﬁcient in the ΔPG0027 mutant strain is lipid A 1-phosphatase.
Phosphatase assays. The results described so far have indicated that PG0027 has
a role to play in the dephosphorylation of lipid A. Therefore, phosphatase activities in
culture supernatants, intact whole cells, and sonicated supernatants of P. gingivalis
FIG 8 MALDI TOF/TOF tandem mass spectrum of m/z 1,448 of lipid A from P. gingivalis W50 (A) and the ΔPG0027 mutant
strain (B). Inset structures show the proposed phosphate positioning, and dashed lines and arrows indicate possible
cleavage sites.
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W50, the ΔPG0027 mutant strain, and the CΔPG0027 and CΔPG0027R strains were
measured with 4-nitrophenylphosphate as the substrate at 30°C at pHs between 7.4
and 8.3 in either discontinuous or continuous assays with a recording spectrophotom-
eter. No phosphatase activity was present in the culture supernatants of P. gingivalis
W50, the ΔPG0027 mutant strain, or the CΔPG0027 and CΔPG0027R strains, suggesting
that this activity was not secreted into the culture medium by P. gingivalis.
Phosphatase activities in sonicated cell supernatants (which is a measure of total
phosphatase activity) (periplasm plus membranes plus cytoplasm) of P. gingivalis W50
and the ΔPG0027 mutant and CΔPG0027R strains were measured at pHs 7.4 to 8.3, and
activities at pHs 7.8 and 8.0 are shown in Fig. 9. The P. gingivalis ΔPG0027 mutant strain
contains90% of the phosphatase activity present in parent strain W50, indicating that
the phosphatase activities in the sonicated supernatants of P. gingivalis W50 and the
ΔPG0027 mutant strain are comparable.
Phosphatase activities in intact cells of P. gingivalis W50 and the ΔPG0027 mutant
strain grown for 24 h in BHI broth were measured with 4-nitrophenylphosphate
concentrations of 0.25 to 4 mM, and the maximum velocities were determined with
ENZFitter software. In this case, the assays are most likely a measure of the activities
present in the periplasmic space/IMs. The phosphatase activities in intact cells of P.
gingivalisW50 appear to show a pH maximum at 7.8 to 8.0, and the activities measured
at these two pH values are shown (Fig. 9). It was not possible to measure the enzyme
activities of intact cells at pHs 8.3, as alkaline buffers caused cell lysis. Enzyme
activities present in the periplasm/IM of P. gingivalis W50 and the CΔPG0027R strain are
FIG 9 Phosphatase activities of intact cells and sonicated supernatants of P. gingivalis strains. Phosphatase activities were measured with
4-nitro-phenylphosphate as the substrate as described in Materials and Methods and expressed as units based on the change in the
A405/OD600 ratio of intact cells and as units based on the change in the A405 per milligram of protein in sonicated supernatants. Activities
were measured at pHs 7.4, 7.8, 8.0, and 8.3 with either continuous or discontinuous assays. The activities obtained at pHs 7.8 and 8.0 are
shown as histograms. Black bars, P. gingivalis W50; light gray bars, ΔPG0027; dark gray bars, CΔPG0027R. P values (Student’s t test) are
indicated below the pairs. The activities obtained at pHs 7.4 and 8.3 and the P values determined from the data are shown at the bottom.
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signiﬁcantly higher in the pH range of 7.8 to 8.0 than the activities in the P. gingivalis
ΔPG0027 mutant strain, which varied between 40 and 50% of the activity present in
parent strain W50 (Fig. 9).
The phosphatase activities of intact cells measured in these experiments are signif-
icantly lower in the ΔPG0027mutant strain than those in W50 (P 0.0001 at pH 7.8 and
P  0.0001 at pH 8.0). At pHs 7.4 and 8.3, the phosphatase activity of intact cells of the
ΔPG0027 mutant strain were signiﬁcantly lower (P  0.03 at pH 7.4 and P  0.02 at pH
8.3) than those of parent strain W50 (Fig. 9, bottom). Overall, these data indicate that
there is only a slight reduction (90% of the activity of parent strain W50) in the total
phosphatase production of the ΔPG0027 mutant strain, but the localization of the
activity or the presence of inhibitory factors is altered such that less activity resides in
the periplasm/IM of this mutant strain. It is therefore possible that the reduced
phosphatase activity in the periplasm/IM of the ΔPG0027mutant strain could be due to
the absence of lipid A phosphatase activity, which would correlate with the lower levels
of dephosphorylated lipid A in this mutant strain.
Cloning and expression of PG0027 in Escherichia coli. Figure 10 shows the
SDS-PAGE and Western blotting of proteins from E. coli DH5 cells containing pEXT20,
pMFH15, and pWEL1 versus anti-His and anti-PG0027 antibodies. PG0027 is expressed
and appears to be enriched in the membrane fraction.
In vitro assays of PG0027 lipid A modiﬁcation activity. Deacylase activity of PagL
(Salmonella enterica serovar Typhimurium) expressed in E. coli (26) was studied with S.
Typhimurium LPS as the substrate, which served as a control to ensure that the assays
were feasible. Membranes from E. coli expressing PG0027 were used in in vitro assays
with the S. Typhimurium and P. gingivalis W50 LPSs as substrates as described in
Materials and Methods. Lipid A was isolated from the reaction mixtures (27) and
analyzed by MALDI-TOF MS, and the results are shown in Fig. 11 and 12. The MALDI-
TOF MS spectrum of lipid A from S. Typhimurium LPS shows the presence of bis-P-
FIG 10 SDS-PAGE and Western blotting of proteins from E. coli DH5 cells containing pEXT20, pMFH15, and pWEL1 (S.
Typhimurium PagL cloned into pEXT20) versus anti-His and anti-PG0027 antibodies. (A) Proteins from EXT20 and MFH15
(NI, noninduced; I, induced) for 5 h or overnight were subjected to SDS-PAGE and Western blotting and probed with an
anti-His antibody. (B) SDS-PAGE and Western blotting of membranes from EXT20 (M) and WEL1 (M) and samples from
MFH15, namely, whole cells (WC), supernatants (SN), and membranes (M) probed with an anti-His antibody. Membranes
from EXT20 (M), WEL1 (M), and MFH15 (M) were also probed with an anti-PG0027 antibody.
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hexaacyl species at m/z 1,798 (Fig. 11). After the exposure of S. Typhimurium LPS to
membranes containing PagL expressed in E. coli, the MALDI-TOF MS spectrum of lipid
A shows the disappearance of the bis-P-hexaacyl peak (m/z 1,798) and the appearance
of a bis-P-pentaacyl-peak atm/z 1,572, indicating that PagL shows lipid A 3-O-deacylase
activity. However, membranes containing PG0027 expressed in E. coli do not alter the
MALDI-TOF MS spectrum of Salmonella lipid A (Fig. 11), suggesting that PG0027 does
not (3-O-)deacylate or dephosphorylate Salmonella LPS.
MALDI-TOF MS of W50 lipid A isolated from a reaction mixture containing W50 LPS
incubated with E. coli membranes (containing the vector alone) shows signals for
bis-P-pentaacyl, mono-P-pentaacyl, non-P-pentaacyl, and mono-P-tetraacyl species at
m/z 1,772, 1,689, 1,570, and 1,448, respectively, and bis-P-hexaacyl species from E. coli
lipid A at m/z 1,796 (Fig. 12). After incubation with E. coli membranes expressing
PG0027 and PagL (not shown), the MALDI-TOF MS spectrum does not show major
changes (Fig. 12). There is no change in the acylation patterns of the clusters of the four
lipid A species, suggesting that PG0027 does not possess LPS/lipid A deacylase or
phosphatase activity.
DISCUSSION
Role of PG0027. PG0027 is enriched in the OMVs of P. gingivalis W50 and a variety
of mutant strains we have previously examined (11). In this work, we focused on the
FIG 11 Lipid A-modifying activity of S. Typhimurium PagL and P. gingivalis PG0027 expressed in E. coli with
Salmonella LPS as the substrate. Salmonella LPS was incubated with PagL-expressing membranes (in E. coli)
and PG0027-expressing membranes (in E. coli), and lipid A was isolated from the reaction mixture and
analyzed by MALDI-TOF MS in linear negative-ion mode.
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properties of PG0027 in P. gingivalis in relation to OMV formation. Production of OMVs
in the ΔPG0027 mutant strain was reduced by over 50%, and this was partially restored
by complementation.
How might the action of PG0027 contribute to OMV formation? P. gingivalis
PG0027 is a 43.3-kDa protein of 391 amino acids that lacks cysteine residues and
possesses a typical signal sequence and a short, low-complexity peptide that is abun-
dant in many proteins (28). Further analysis by protein modeling via secondary-
structure prediction with PHYRE2 (protein homology recognition engine; http://www
.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?idindex) (29) identiﬁed PG0027 as an OM
porin that probably transports fatty acids, as this is the same fold group as a long-chain
fatty acid transporter (FadL, the highest score) of E. coli. FadL, a member of a conserved
family of OM proteins involved in the uptake of hydrophobic compounds and aromatic
hydrocarbons (30), is a monomer with a long (50-Å) barrel composed of 14 antipa-
rallel  strands (more than other OM proteins) and does not contain a channel
connecting the external environment of the cell with the periplasm. Chen et al. (21)
described LptO as a deacylase because lipid A from an lptO mutant of P. gingivalis W50,
when analyzed by MALDI-TOF MS in either positive- or negative-ion mode, was unable
to produce mono-P-tetraacyl species of lipid A. We are unable to explain this incon-
sistency between the two studies, although it may relate to the method of lipid A
preparation. The procedure we used to prepare lipid A yields clean preparations
without the presence of phospholipids such as ceramides, which were reported by
FIG 12 Lipid A modiﬁcation assays of PG0027-expressing membranes (in E. coli) with P. gingivalis W50 LPS as the substrate. P. gingivalis W50 LPS was incubated
with E. coli membranes containing EXT20 (top panel) or PG0027-expressing membranes (MFH15) (middle panel). Lipid A was isolated from the reaction mixture
as described in Materials and Methods and analyzed by MALDI-TOF MS in linear negative-ion mode. The bottom panel shows lipid A isolated from E. coli DH5
cells. The arrows show E. coli lipid A. Intens. [a.u.], intensity in arbitrary units.
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Chen et al. (21), and the MALDI-TOF MS spectra are therefore far easier to interpret. It
should also be noted that the method of lipid A preparation used in the present work
is the standard methodology employed by most groups in the ﬁeld. Furthermore, the
use of these methods allowed us to be the ﬁrst to identify the presence of non-P lipid
A in this organism (16, 31), and this has subsequently been conﬁrmed by other research
groups (17, 32). The use of norharmane as the matrix in MALDI-TOF MS allows us to
observe both nonphosphorylated and phosphorylated lipid A species in negative-ion
mode and thus avoid the need to switch instrument polarity. The proﬁles of lipid A from
P. gingivalis W50 and the ΔPG0027 mutant strain obtained by MALDI-TOF MS showed
that PG0027 had a role in the dephosphorylation of lipid A because of the absence of
non-P lipid A species in the latter. The lower levels of phosphatase activity in the
periplasm of the ΔPG0027 mutant strain is consistent with this observation, and
MALDI-TOF/TOF MS/MS of mono-P-pentaacyl and mono-P-tetraacyl species of lipid A
present in the LPS of the ΔPG0027 mutant strain suggests that it is the lipid A
1-phosphatase activity that is deﬁcient in this strain.
Could P. gingivalis PG0027 be a lipid A phosphatase? The crystal structures of
several alkaline phosphatases from bacterial (33–36) and human (37, 38) sources
indicate that the enzyme is a homodimer containing three metal-binding sites per
subunit. The enzyme contains two domains, the larger core domain, mostly from the
N-terminal region, is composed of a central eight- or nine-stranded -sheet that is
sandwiched between two sets of helices of various lengths, eight on one side and four
on the other side of the sheet. The -sheet is parallel, except for one antiparallel strand
in the middle. The C-terminal crown domain sits on top of the molecule and consists
of ﬂexible loops containing short -helices on the surface and is formed by the
insertion of a 60-residue segment from each monomer. The catalytic sites are at the
interface between the two subunits, contain two binding sites for Zn2 and one for
Mg2, and are exposed to the environment. On that basis, it is therefore unlikely that
PG0027 is a lipid A 1-phosphatase because its structure and location in the OM are not
consistent with previous studies of this group of enzymes. Conversely, Hoopman et al.
(39) have described an acid phosphatase (MapA, 105 kDa) from the Gram-negative
commensal organism Moraxella catarrhalis that is an OM transporter. MapA has a
23-amino-acid signal sequence, and the N-terminal portion (amino acids 24 to 279)
shows similarity to class A bacterial nonspeciﬁc acid phosphatases (NSAPs) (39) and
shows about 23% identity over this region to the NSAP of Escherichia blattae, including
the active-site His at position 233. The latter is a compact all--helical protein, and its
crystal structure has been solved (40). The CTD (amino acid residues 672 to 940) is
homologous to the  domains of conventional autotransporters and probably forms a
-barrel structure with a 12--stranded transmembrane pore with an -helix occupying
the center of the pore on the basis of available crystal structures (39). However, it is
unlikely that PG0027 has properties similar to those of MapA because it is a much
smaller protein essentially comprising only the -barrel domain.
To experimentally address whether PG0027 acts as a lipid A 1-phosphatase as
described above, we performed activity assays with recombinant PG0027 expressed in
E. coli by using the PagL deacylase of Salmonella expressed in E. coli as a control.
PG0027 did not exhibit either lipid A O-deacylase or phosphatase activity against W50
lipid A or Salmonella lipid A, in contrast to the complete deacylation of Salmonella
bis-P-hexa-acylated lipid A by PagL, in the assays. While we cannot rule out the
possibility that the recombinant PG0027 protein was expressed in an inactive form,
these data, together with the structural information given earlier, strongly suggest that
PG0027 is not a lipid A-modifying enzyme. This suggests that PG0027 has an indirect
effect on the lipid A 1-phosphatase activity in P. gingivalis. Thus, (i) lipid A 1-phosphatase
activity in the P. gingivalis ΔPG0027 mutant strain is synthesized but not transported into
the periplasm, (ii) the lipid A 1-phosphatase enzyme is synthesized and transported into the
periplasmic space but is unable to hydrolyze the lipid A 1-phosphate because of the
presence of a potent inhibitor/regulator of enzyme activity, or (iii) the lipid A 1-phosphatase
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enzyme is not synthesized in the ΔPG0027 mutant strain. The similar levels of total cellular
phosphatase activity but differential levels in the periplasm in the parent andmutant strains
suggest that the ﬁrst two of these options are the most likely. Therefore, it is possible that
PG0027 acts as a transporter or as an inhibitor/regulator of periplasmic lipid A 1-phos-
phatase activity in P. gingivalis W50.
The numbers and identities of lipid A phosphatases in P. gingivalis are still contro-
versial. Coats et al. (17) described the contribution of phosphatases in the hemin-
induced remodeling of P. gingivalis lipid A structures. By performing BLAST searches
comparing amino acid sequence of Francisella novicida LpxE against that of P. gingivalis
W83 (41), Coats et al. (17) identiﬁed PG1587 and PG1773 as the highest scoring proteins
belonging to the PAP2 phosphatase superfamily, which included known lipid A phos-
phatases (42). However, analysis of lipid A isolated from single- and double-knockout
mutants has not resolved the identity/nature of all lipid A phosphatases (17, 43). In a
more recent study, Zenobia et al. (43) concluded that a PG1587 knockout strain
accumulated the bis-P-pentaacyl lipid A species and a PG1773 knockout strain accu-
mulated the mono-1-P-tetraacyl lipid A species. However, these results do not explain
why the remaining phosphate group in their lipid A from ΔPG1587 has not been
removed by the action of the functional PG1773 lipid A 1-phosphatase.
Lipid A phosphorylation and OM stability. The phosphorylation status of lipid A
will inﬂuence the stability of the OM and also the potential formation of OMV. One of
the unusual features of the OM of Gram-negative bacteria is the asymmetric distribu-
tion of lipids in the inner (phospholipids) and outer (LPS) faces. The outer face of the
OM can interact with cations in the milieu (44) because LPS contains more charge per
unit of surface area than any phospholipid and is anionic at neutral pH because of the
exposed phosphate groups (44). LPS shows a high state of order and forms a relatively
rigid structure, mainly because of the rigid lipid A (45, 46), as determined by X-ray
powder diffraction, molecular modeling, and conformational energy calculations,
whereas the O-speciﬁc chain was found to be the most ﬂexible and could be stretched
to signiﬁcant distances into the extracellular space, which could explain why antibodies
binding to O-speciﬁc chains at distances of20 nm can be seen in electron microscopy
studies (47).
Atomic force microscopy (AFM), used as a pressure-measuring device, has shown
that for the isolated B-band LPS of Pseudomonas aeruginosa, resistance cannot be
detected until the tip of the AFM is 10 nm from the surface of an LPS micelle (48),
although freeze substitution has shown that in P. aeruginosa PAO1, the longer chain
and electronegative B band of LPS can extend up to 40 nm from the OM (44, 49). To
solve this discrepancy, several B-band LPS molecules of P. aeruginosa were dynamically
modeled by using brush theory as they interact with one another on the surface of the
OM. This study showed that O side chains were in constant motion, such that only a
proportion of the O chains was in the extended conformation at any given time, and
these were probably captured by the rapid freezing used in the freeze substitution
technique (49). Thus, although A-LPS contains negatively charged A-PS side chains,
metal ion salt bridges between A-PS repeating units are not energetically possible,
except at very high salt concentrations. Thus, the phosphate residues of lipid A are
extremely important not only for binding to cationic antimicrobial peptides but also for
binding to metal ions.
The presence of nonphosphorylated species of lipid A in the OM may be beneﬁcial
to the organism by enabling it to avoid immune detection through Toll-like receptor 4
binding (17, 32) and clearance and to avoid binding to positively charged cationic
antimicrobial peptides, which can cause the formation of pores, resulting in cell lysis
and cell death (50, 51).
The main nonbeneﬁcial consequence of lipid A dephosphorylation, and hence the
absence of negatively charged residues, is liable to be an inability to bind to divalent
cations (which usually intercalate between the negatively charged phosphorylated lipid
A species). Thus, the inability to bind divalent cations can potentially destabilize the
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OM. The absence of nonphosphorylated lipid A species, as in the case of the P. gingivalis
ΔPG0027 mutant strain, could stabilize the interactions between divalent cations and
lipid A in the OM. Hence, lipid A dephosphorylation in P. gingivalis W50 is a regulated
process caused by the ability of PG0027 to control the levels of phosphorylated and
nonphosphorylated species of lipid A in A-LPS in the OM. The balance of these species
has the potential to stabilize/destabilize the OM and hence inﬂuence the production of
OMVs in this organism.
MATERIALS AND METHODS
Chemicals were purchased from VWR, Lutterworth, Leicestershire, United Kingdom, or Sigma-Aldrich
Co. Ltd., Poole, Dorset, United Kingdom, and were the purest grades available. Restriction and modiﬁ-
cation enzymes were purchased from New England BioLabs, and DNA puriﬁcation reagents were
obtained from Qiagen.
Bacterial growth conditions. P. gingivalis W50 and mutant strains were grown on blood agar plates
containing 5% deﬁbrinated horse blood or in BHI broth supplemented with hemin (5 g ml1) in an
anaerobic atmosphere of 80% N2, 10% H2, and 10% CO2 (Don Whitely Scientiﬁc). Clindamycin (5 g/ml)
or tetracycline (1 g/ml) was added when required. E. coli XL-1 Blue or XL-10 Gold (Stratagene) was used
for plasmid maintenance and cloning. Antibiotics were added for cell selection (tetracycline HCl, 20
g/ml) and plasmid selection (ampicillin [Na salt; 100 g/ml] or erythromycin [300 g/ml]).
Construction of bacterial strains. Construction and complementation of P. gingivalismutant strains
were performed as described previously (11) and are detailed in Table S1 and Fig. S1 in the supplemental
material. The P. gingivalis ΔPG902 and ΔPG1711 mutant strains have been described elsewhere (24).
Growth of P. gingivalis W50 and the ΔPG0027 mutant and CΔPG0027 strains in BHI broth supplemented
with hemin (5 g/ml) was monitored over a period of 8 days by measuring the OD at 540 nm (OD540).
The susceptibility of P. gingivalis W50 and the ΔPG0027 mutant strain to Tween 20 was performed as
follows. Appropriate amounts of 2% Tween 20 stock solution were added to BHI broth (10 ml) to yield
BHI broth containing 0, 0.005, 0.01, and 0.02% Tween 20. One milliliter of cultures of P. gingivalis strains
grown for 24 h was used as the inoculum. The OD540 was measured every 24 h.
Phosphatase assays. Alkaline phosphatase activity was measured in continuous assays at pHs 7.8,
8.0, and 8.3 (in 0.25 M Tris-HCl buffer containing 5 mM MgCl2) at 30°C. The assay consisted of 0.8 ml of
buffer and 0.2 ml of 4-nitrophenylphosphate (ranging in concentration from 20 to 1.25 mM such that
the ﬁnal concentration in the assay solution ranged from 4 to 0.25 mM). Reactions were initiated by the
addition of 50 l of whole cultures (intact cells) or sonicated supernatants of P. gingivalis W50, the
ΔPG0027 mutant, and the CΔPG0027 and CΔPG0027R strains, and the increase in absorbance was
measured with a Beckman DU 800 spectrophotometer. The rates obtained were corrected for ionization
of the 4-nitrophenol product when performing continuous assays. Phosphatase activities were also
measured at pHs 7.4, 7.8, and 8.0 with 4-nitrophenylphosphate as the substrate at 30°C in a discontin-
uous assay. Reaction mixtures contained 2 ml of buffer and 0.5 ml of 4-nitrophenylphosphate (concen-
trations ranging from 0.25 to 4 mM in the ﬁnal reaction mixture) incubated at 30°C. The reaction was
initiated by the addition of 50 l of intact cells or sonicated supernatants of P. gingivalis W50 and the
mutant and complemented strains. Aliquots (0.25 ml) were withdrawn at desired time intervals into 1-ml
disposable cuvettes containing 0.75 ml of 0.75 M NaOH and mixed well, and the A405 was measured in
a Beckman DU 800 spectrophotometer (Beckman Coulter) within 10 min. Each assay was done in
triplicate, and mean values were used in calculations. Measurements of phosphatase activities in intact
cells and sonicated supernatants were performed in triplicate as described above. Phosphatase activity
was expressed as the change in A405 per minute per OD600 unit for intact cells or the change in A405 per
milligram of protein for sonicated supernatants. Maximum rates and Ks (substrate dissociation constant)
values were obtained with ENZFITTER software (Biosoft, Cambridge, United Kingdom). Standard devia-
tions were calculated by using the values measured for each set of experiments (four sets of experiments
at each pH value, each individual assay performed in triplicate, and mean value used) and are indicated
in Fig. 9.
Sonicated supernatants for enzyme assays. Cultures of P. gingivalisW50 and mutant strains grown
for 24 h in BHI broth were centrifuged in Eppendorf tubes at 17,000 g for 15 min at 4°C. The cells were
washed once with 10 mM Tris-HCl (pH 7.3)–0.9% NaCl containing a complete cocktail of protease
inhibitors (Roche) (buffer plus inhibitors). The washed cells were resuspended in a total of 2 ml of buffer
plus inhibitors and sonicated with a small probe in a Soniprep Sonicator at a 12- amplitude for 5  30
s on ice. The sonicated samples were centrifuged in an Eppendorf centrifuge at 17,000  g for 5 min at
4°C, and the supernatant was used in the measurement of phosphatase activities. Protein concentration
was measured with the Bradford reagent (Bio-Rad) and bovine serum albumin as the standard.
Isolation of lipid A. Lipid A was isolated from freeze-dried whole bacterial cells (10 mg) and OMVs
(5 to 10 mg) with TRIzol (Invitrogen) as described previously (27) and analyzed by MALDI-TOF MS. Lipid
A was washed with 70 l of ultrapure water and centrifuged in an Eppendorf centrifuge at 17,000  g
for 10 min at 22°C. Washing of lipid A enabled us to improve the quality of the MALDI-TOF spectra. The
washed pellet remaining in the original tube was resuspended in 50 l of ultrapure water and subjected
to MALDI-TOF MS and gave clean spectra.
MALDI-TOF MS. MALDI-TOF MS was performed with a Bruker Microﬂex instrument ﬁtted with a
nitrogen laser operating at 337 nm with pulsed extraction in negative linear mode. Lipid A was analyzed
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with norharmane (9H-pyrido[3,4]indole) at a concentration of 10 mg/ml in methanol-water (2:1, vol/vol)
as the matrix as previously described (16).
MALDI-TOF/TOF MS/MS. MALDI-TOF/TOF MS/MS was performed with an Autoﬂex TOF/TOF II
(Bruker Daltonics Ltd.) ﬁtted with a nitrogen laser operating at 337 nm. Full-scale MS scan negative ions
were analyzed in reﬂectron mode with norharmane (10 mg/ml in water plus 0.1% triﬂuoroacetic acid) as
the matrix. The instrument was externally mass calibrated. For MS/MS, negative precursor ions were
analyzed by LIFT and data were recorded with ﬂexControl version 3.0 and processed with ﬂexAnalysis
version 3.0 at Durham University (Mass Spectrometry Service, Department of Chemistry, Durham
University, United Kingdom).
Preparation of OMVs. Volumes of 250 ml of cultures of P. gingivalis W50 and mutant strains grown
in BHI broth for 24 h were centrifuged (Sorvall RC5C, SS34 rotor) at 26,000  g and 4°C for 40 min, and
the supernatant was ﬁltered with a Nalgene 0.22-m ﬁltration apparatus. The ﬁltrate was subjected to
ultracentrifugation (Sorvall Discovery 100SE, T865 ﬁxed-angle rotor) at 180,000  g and 8°C for 1 h. The
pellet was resuspended in sterile phosphate-buffered saline, and the ultracentrifugation step was
repeated, followed by resuspension of the pellet in water and freeze-drying. The yield of OMVs was taken
as the dry weight in milligrams per 250 ml of culture.
Electron microscopy. Cultures of P. gingivalis W50, the ΔPG0027 mutant strain, and the CΔPG0027
strain grown in BHI broth for 24 h were centrifuged in an Eppendorf centrifuge at 17,000  g and 4°C
for 15 min, and the cell pellets were used.
TEM. Specimens were examined in a JEOL JEM1230 electron microscope (JEOL [UK] Ltd., JEOL House,
Silver Court, Watchmead, Welwyn Garden City, United Kingdom), and digital images were captured with
an Olympus Morada camera.
SEM. Imaging was performed with an FEI “Inspect” ﬁeld emission scanning electron microscope (FEI
Company, FEI Europe B.V., Eindhoven, The Netherlands), and secondary electron images were taken at
20 kV at a working distance of 10 mm.
Statistical analysis. A Student t test for paired values was used, and data were considered to be
signiﬁcant at a P value of 0.05.
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.00751-16.
SUPPLEMENTAL FILE 1, PDF ﬁle, 0.4 MB.
ACKNOWLEDGMENTS
This investigation was supported by Medical Research Council (U.K.) grant G0501478
and Research Advisory Board of The Barts and The London Charity grant RAB06/PJ/14.
REFERENCES
1. Schwechheimer C, Sullivan CJ, Kuehn MJ. 2013. Envelope control of
outer membrane vesicle production in Gram-negative bacteria. Bio-
chemistry 52:3031–3040. https://doi.org/10.1021/bi400164t.
2. Kulp A, Kuehn MJ. 2010. Biological functions and biogenesis of secreted
bacterial outer membrane vesicles. Annu Rev Microbiol 64:163–184.
https://doi.org/10.1146/annurev.micro.091208.073413.
3. Mashburn-Warren LM, Whiteley M. 2006. Special delivery: vesicle traf-
ﬁcking in prokaryotes. Mol Microbiol 61:839–846. https://doi.org/10
.1111/j.1365-2958.2006.05272.x.
4. Horstman AL, Kuehn MJ. 2000. Enterotoxigenic Escherichia coli secretes
active heat-labile enterotoxin via outer membrane vesicles. J Biol Chem
275:12489–12496. https://doi.org/10.1074/jbc.275.17.12489.
5. Wai SN, Lindmark B, Söderblom T, Takade A, Westermark M, Oscarsson
J, Jass J, Richter-Dahlfors A, Mizunoe Y, Uhlin BE. 2003. Vesicle-mediated
export and assembly of pore-forming oligomers of the enterobacterial
ClyA cytotoxin. Cell 115:25–35. https://doi.org/10.1016/S0092
-8674(03)00754-2.
6. Kato S, Kowashi Y, Demuth DR. 2002. Outer membrane-like vesicles se-
creted by Actinobacillus actinomycetemcomitans are enriched in leukotoxin.
Microb Pathog 32:1–13. https://doi.org/10.1006/mpat.2001.0474.
7. Ellis TN, Kuehn MJ. 2010. Virulence and immunomodulatory roles of
bacterial outer membrane vesicles. Microbiol Mol Biol Rev 74:81–94.
https://doi.org/10.1128/MMBR.00031-09.
8. MacDonald IA, Kuehn MJ. 2012. Offense and defense: microbial mem-
brane vesicles play both ways. Res Microbiol 163:607–618. https://doi
.org/10.1016/j.resmic.2012.10.020.
9. Evans AG, Davey HM, Cookson A, Currinn H, Cooke-Fox G, Stanczyk PJ,
Whitworth DE. 2012. Predatory activity of Myxococcus xanthus outer-
membrane vesicles and properties of their hydrolase cargo. Microbiol-
ogy 158:2742–2752. https://doi.org/10.1099/mic.0.060343-0.
10. Kadurugamuwa JL, Beveridge TJ. 1995. Virulence factors are released
from Pseudomonas aeruginosa in association with membrane vesicles
during normal growth and exposure to gentamicin: a novel mechanism
of enzyme secretion. J Bacteriol 177:3998–4008. https://doi.org/10
.1128/jb.177.14.3998-4008.1995.
11. Haurat MF, Aduse-Opoku J, Rangarajan M, Dorobantu L, Gray MR, Curtis
MA, Feldman MF. 2011. Selective sorting of cargo proteins into bacterial
membrane vesicles. J Biol Chem 286:1269–1276. https://doi.org/10
.1074/jbc.M110.185744.
12. McBroom AJ, Johnson AP, Vemulapalli S, Kuehn MJ. 2006. Outer mem-
brane vesicle production by Escherichia coli is independent of mem-
brane instability. J Bacteriol 188:5385–5392. https://doi.org/10.1128/JB
.00498-06.
13. Curtis MA, Aduse-Opoku J, Rangarajan M. 2001. Cysteine proteases of
Porphyromonas gingivalis. Crit Rev Oral Biol Med 12:192–216. https://doi
.org/10.1177/10454411010120030101.
14. Paramonov N, Bailey D, Rangarajan M, Hashim A, Kelly G, Curtis MA,
Hounsell EF. 2001. Structural analysis of the polysaccharide from the lipo-
polysaccharide of Porphyromonas gingivalis strain W50. Eur J Biochem
268:4698–4707. https://doi.org/10.1046/j.1432-1327.2001.02397.x.
15. Paramonov N, Rangarajan M, Hashim A, Gallagher A, Aduse-Opoku J,
Slaney JM, Hounsell E, Curtis MA. 2005. Structural analysis of a novel
anionic polysaccharide from Porphyromonas gingivalis strain W50 re-
lated to Arg-gingipain glycans. Mol Microbiol 58:847–863. https://doi
.org/10.1111/j.1365-2958.2005.04871.x.
16. Rangarajan M, Aduse-Opoku J, Paramonov N, Hashim A, Bostanci N,
Fraser OP, Tarelli E, Curtis MA. 2008. Identiﬁcation of a second lipopoly-
saccharide in Porphyromonas gingivalis W50. J Bacteriol 190:2920–2932.
https://doi.org/10.1128/JB.01868-07.
17. Coats SR, Jones JW, Do CT, Braham PH, Bainbridge BW, To TT, Goodlett
Formation of Outer Membrane Vesicles in P. gingivalis Journal of Bacteriology
June 2017 Volume 199 Issue 11 e00751-16 jb.asm.org 19
 o
n
 June 18, 2017 by W






DR, Ernst RK, Darveau RP. 2009. Human Toll-like receptor 4 responses to
P. gingivalis are regulated by lipid A 1- and 4=-phosphatase activities. Cell
Microbiol 11:1587–1599. https://doi.org/10.1111/j.1462-5822.2009
.01349.x.
18. Trent MS, Stead CM, Tran AX, Hankins JV. 2006. Diversity of endotoxin
and its impact on pathogenesis. J Endotoxin Res 12:205–223. https://doi
.org/10.1179/096805106X118825.
19. Ishiguro I, Saiki K, Konishi K. 2009. PG27 is a novel membrane protein
essential for a Porphyromonas gingivalis protease secretion system. FEMS
Microbiol Lett 292:261–267. https://doi.org/10.1111/j.1574-6968.2009
.01489.x.
20. Sato K, Yukitake H, Narita Y, Shoji M, Naito M, Nakayama K. 2013.
Identiﬁcation of Porphyromonas gingivalis proteins secreted by the Por
secretion system. FEMS Microbiol Lett 338:68–76. https://doi.org/10
.1111/1574-6968.12028.
21. Chen YY, Peng B, Yang Q, Glew MD, Veith PD, Cross KJ, Goldie KN, Chen
D, O’Brien-Simpson N, Dashper SG, Reynolds EC. 2011. The outer mem-
brane protein LptO is essential for the O-deacylation of LPS and the
co-ordinated secretion and attachment of A-LPS and CTD proteins in
Porphyromonas gingivalis. Mol Microbiol 79:1380–1401. https://doi.org/
10.1111/j.1365-2958.2010.07530.x.
22. Kumada H, Haishima Y, Umemoto T, Tanamoto K. 1995. Structural study
on the free lipid A isolated from lipopolysaccharide of Porphyromonas
gingivalis. J Bacteriol 177:2098–2106. https://doi.org/10.1128/jb.177.8
.2098-2106.1995.
23. Al-Qutub MN, Braham PH, Karimi-Naser LM, Liu X, Genco CA, Darveau RP.
2006. Hemin-dependent modulation of the lipid A structure of Porphy-
romonas gingivalis lipopolysaccharide. Infect Immun 74:4474–4485.
https://doi.org/10.1128/IAI.01924-05.
24. Rangarajan M, Aduse-Opoku J, Hashim A, Paramonov N, Curtis MA. 2013.
Characterization of the - and -mannosidases of Porphyromonas gin-
givalis. J Bacteriol 195:5297–5307. https://doi.org/10.1128/JB.00898-13.
25. Domon B, Costello C. 1988. A systematic nomenclature for carbohydrate
fragmentations in FAB-MS/MS spectra of glycoconjugates. Glycoconj J
5:397–409. https://doi.org/10.1007/BF01049915.
26. Trent MS, Pabich W, Raetz CR, Miller SI. 2001. A PhoP/PhoQ-induced
lipase (PagL) that catalyzes 3-O-deacylation of lipid A precursors in
membranes of Salmonella typhimurium. J Biol Chem 276:9083–9092.
https://doi.org/10.1074/jbc.M010730200.
27. Yi EC, Hackett M. 2000. Rapid isolation method for lipopolysaccharide
and lipid A from gram-negative bacteria. Analyst 125:651–656. https://
doi.org/10.1039/b000368i.
28. Coletta A, Pinney JW, Solís DY, Marsh J, Pettifer SR, Attwood TK. 2010.
Low-complexity regions within protein sequences have position-
dependent roles. BMC Syst Biol 4:43. https://doi.org/10.1186/1752-0509
-4-43.
29. Kelley LA, Sternberg MJ. 2009. Protein structure prediction on the Web:
a case study using the Phyre server. Nat Protoc 4:363–371. https://doi
.org/10.1038/nprot.2009.2.
30. van den Berg B, Black PN, Clemons WM, Rapoport TA. 2004. Crystal
structure of the long-chain fatty acid transporter FadL. Science 304:
1506–1509. https://doi.org/10.1126/science.1097524.
31. Curtis MA, Percival RS, Devine D, Darveau RP, Coats SR, Rangarajan M,
Tarelli E, Marsh PD. 2011. Temperature-dependent modulation of Por-
phyromonas gingivalis lipid A structure and interaction with the innate
host defenses. Infect Immun 79:1187–1193. https://doi.org/10.1128/IAI
.00900-10.
32. Coats SR, Berezow AB, To TT, Jain S, Bainbridge BW, Banani KP, Darveau
RP. 2011. The lipid A phosphate position determines differential host
Toll-like receptor 4 responses to phylogenetically related symbiotic and
pathogenic bacteria. Infect Immun 79:203–210. https://doi.org/10.1128/
IAI.00937-10.
33. Kim EE, Wyckoff HW. 1991. Reaction mechanism of alkaline phosphatase
based on crystal structures. Two-metal ion catalysis. J Mol Biol 218:
449–464.
34. Wang E, Koutsioulis D, Leiros HK, Andersen OA, Bouriotis V, Hough E,
Heikinheimo P. 2007. Crystal structure of alkaline phosphatase from the
Antarctic bacterium TAB5. J Mol Biol 366:1318–1331. https://doi.org/10
.1016/j.jmb.2006.11.079.
35. Bihani SC, Das A, Nilgiriwala KS, Prashar V, Pirocchi M, Apte SK, Ferrer JL,
Hosur MV. 2011. X-ray structure reveals a new class and provides insight
into evolution of alkaline phosphatases. PLoS One 6:e22767. https://doi
.org/10.1371/journal.pone.0022767.
36. Helland R, Larsen RL, Asgeirsson B. 2009. The 1.4 A crystal structure of
the large and cold-active Vibrio sp. alkaline phosphatase. Biochim Bio-
phys Acta 1794:297–308. https://doi.org/10.1016/j.bbapap.2008.09.020.
37. Le Du MH, Stigbrand T, Taussig MJ, Menez A, Stura EA. 2001. Crystal
structure of alkaline phosphatase from human placenta at 1.8 A resolu-
tion. Implication for a substrate speciﬁcity. J Biol Chem 276:9158–9165.
https://doi.org/10.1074/jbc.M009250200.
38. Ghosh K, Mazumder Tagore D, Anumula R, Lakshmaiah B, Kumar PP,
Singaram S, Matan T, Kallipatti S, Selvam S, Krishnamurthy P, Ramarao M.
2013. Crystal structure of rat intestinal alkaline phosphatase—role of
crown domain in mammalian alkaline phosphatases. J Struct Biol 184:
182–192. https://doi.org/10.1016/j.jsb.2013.09.017.
39. Hoopman TC, Wang W, Brautigam CA, Sedillo JL, Reilly TJ, Hansen EJ.
2008. Moraxella catarrhalis synthesizes an autotransporter that is an acid
phosphatase. J Bacteriol 190:1459–1472. https://doi.org/10.1128/JB
.01688-07.
40. Ishikawa K, Mihara Y, Gondoh K, Suzuki E-I, Asano Y. 2000. X-ray struc-
tures of a novel acid phosphatase from Escherichia blattae and its
complex with the transition-state analog molybdate. EMBO J 19:
2412–2423. https://doi.org/10.1093/emboj/19.11.2412.
41. Nelson KE, Fleischmann RD, DeBoy RT, Paulsen IT, Fouts DE, Eisen JA,
Daugherty SC, Dodson RJ, Durkin AS, Gwinn M, Haft DH, Kolonay JF,
Nelson WC, Mason T, Tallon L, Gray J, Granger D, Tettelin H, Dong H,
Galvin JL, Duncan MJ, Dewhirst FE, Fraser CM. 2003. Complete genome
sequence of the oral pathogenic bacterium Porphyromonas gingivalis
strain W83. J Bacteriol 185:5591–5601. https://doi.org/10.1128/JB.185.18
.5591-5601.2003.
42. Carman GM, Han GS. 2006. Roles of phosphatidate phosphatase en-
zymes in lipid metabolism. Trends Biochem Sci 31:694–699. https://doi
.org/10.1016/j.tibs.2006.10.003.
43. Zenobia C, Hasturk H, Nguyen D, Van Dyke TE, Kantarci A, Darveau RP.
2014. Porphyromonas gingivalis lipid A phosphatase activity is critical for
colonization and increasing the commensal load in the rabbit ligature
model. Infect Immun 82:650–659. https://doi.org/10.1128/IAI.01136-13.
44. Beveridge TJ. 1999. Structures of gram-negative cell walls and their
derived membrane vesicles. J Bacteriol 181:4725–4733.
45. Kastowsky M, Gutberlet T, Bradaczek H. 1992. Molecular modelling of the
three-dimensional structure and conformational ﬂexibility of bacterial
lipopolysaccharide. J Bacteriol 174:4798–4806. https://doi.org/10.1128/
jb.174.14.4798-4806.1992.
46. Labischinski H, Barnickel G, Bradaczek H, Naumann D, Rietschel ET,
Giesbrecht P. 1985. High state of order of isolated bacterial lipopolysac-
charide and its possible contribution to the permeation barrier property
of the outer membrane. J Bacteriol 162:9–20.
47. Shands JW, Graham JA, Nath K. 1967. The morphologic structure of
isolated bacterial lipopolysaccharide. J Mol Biol 25:15–21. https://doi
.org/10.1016/0022-2836(67)90275-6.
48. Yao X, Jericho M, Pink D, Beveridge T. 1999. Thickness and elasticity of
Gram-negative murein sacculi measured by atomic force microscopy. J
Bacteriol 181:6865–6875.
49. Lam JS, Graham LL, Lightfoot J, Dasgupta T, Beveridge TJ. 1992. Ultra-
structural examination of the lipopolysaccharides of Pseudomonas
aeruginosa strains and their isogenic rough mutants by freeze-
substitution. J Bacteriol 174:7159–7167. https://doi.org/10.1128/jb.174
.22.7159-7167.1992.
50. Diamond G, Beckloff N, Weinberg A, Kisich KO. 2009. The roles of
antimicrobial peptides in innate host defense. Curr Pharm Des 15:
2377–2392. https://doi.org/10.2174/138161209788682325.
51. Pazgier M, Hoover DM, Yang D, Lu W, Lubkowski J. 2006. Human
beta-defensins. Cell Mol Life Sci 63:1294–1313. https://doi.org/10.1007/
s00018-005-5540-2.
Rangarajan et al. Journal of Bacteriology
June 2017 Volume 199 Issue 11 e00751-16 jb.asm.org 20
 o
n
 June 18, 2017 by W
ashington University in St. Louis
http://jb.asm.org/
D
ow
nloaded from
 
